Posttranscriptional control of nif mRNA stability was demonstrated by functional and chemical analyses, using specific probes for four niftranscripts. In the wild type, nif transcripts (except nijL4) were stable during derepression, with half-lives of approximately 30 min. They were dramatically destabilized by 02 or elevated temperature (41°C) and to a lesser extent by NH4'. In contrast, the nifLA message was not particularly stable, and posttranscriptional control was not evident. In NifL-strains, both forms of analysis indicated that the nifL product was involved in nif mRNA destabilization in the presence of 02 and NH4'.
The complexity of mechanisms for control of gene expression in bacteria is exemplified by regulation of nitrogen fixation in Klebsiella pneumoniae. The production of active nitrogenase requires the expression of at least 15 linked genes arranged in seven operons (3, 26) . The nif genes are not expressed in the presence of fixed nitrogen (31, 32, 34) , 02 (30), or temperatures above 37°C (5, 14, 35) .
Two levels of transcriptional control of nif gene expression have been established. Transcription of nifLA is repressed by NH4' (7, 12, 19, 23, 28, 33) through the action of the general nitrogen regulatory system (ntr) but is not affected by 02, amino acids, or high temperature (7, 11, 20, 35) . The nifA product is required for transcription of all nif operons except nifLA (6, 7, 11, 27) . The nifL product turns off transcription of the other nif operons (not nifLA) in response to 02 and fixed N (7, 15, 24, 25, 27) . Transcription of these operons is turned off at high temperature, but the nifL product is not involved. Rather, it appears that the nifA product is unable to exert positive control at high temperature (5) (6) (7) 35) .
Several papers have addressed the stability of nif mRNA under various conditions (16) (17) (18) 26) . These papers agree that most nif mRNAs are quite stable under derepressing conditions. In two of these, a significant reduction in chemmical (18) and functional (17, 18) stability of some nif transcripts was observed upon the addition of NH4+. Of these papers, one (17) concluded that the observed effects are not nif specific but reflect a general increase in bulk mRNA turnover. The other paper (18) did not address the question of whether or not the NH4' effect is nif specific.
This latter paper also demonstrated that one nif message (nifHDK) was destabilized by both oxygen and elevated temperature, but again the question of nifspecificity was not addressed. Thus there is general agreement that (i) nif mRNAs are stable under derepressing conditions and (ii) nif mRNAs are destabilized by NH4' and other conditions that prevent nif expression.
While these effects on nif mRNA stability are interesting, their relevance to regulation of nif gene expression depends on a demonstration of nif specificity. Our analysis of this * Corresponding author. Our results show that (i) the niftranscripts (except nifLA) are very stable in derepressing conditions, (ii) specific posttranscriptional control of nif mRNA stability is an important feature of the regulation of nif gene expression, and (iii) this specificity requires a nif-encoded protein, the nifL product, which is involved in nifmRNA destabilization in response to 02 and to a lesser extent NH4. The results of previous studies can be explained in light of the models that our results suggest.
MATERIALS AND METHODS
Bacterial strains. All K. pneumoniae strains have been described (19, 21) . The plasmid pBR322 contained in Escherichia coli C600 (thr-J leuB6 thi-J supE44 fhuA21 lac Y recA X') was used in all recombinant plasmid constructions. Cloning of nif DNA restriction fragments for use as probes has been described (7). Plasmid pTM1 containing the E. coli glnALG genes was obtained from T. MacNeil. Plasmid pCRA10 containing the K. pneumoniae hisDG genes was obtained from F. Ausubel (1) .
[3S]methionine labeling and analysis of protein synthesis. Cells were derepressed as described previously (4) . At various times 0.5-ml portions were labeled with 8 ,uCi of [35S]methionine for 2 min and chased for 5 min with 0.1 ml of a 1% solution of nonradioactive methionine. Samples were processed for two-dimensional gel electrophoresis as described elsewhere (27) . Gels (Fig. 1) . Visually, the other nif proteins (except nifLA products) behaved similarly, while the synthesis of most other cellular proteins was undetectable within 30 to 35 min. The nifH, nifK, nifD, and nifJ products were all quantitated as described above. The quantitation of nifH and nifJ is particularly reliable as no other proteins comigrate with them on two-dimensional gels (27) , in contrast to the situation on one-dimensional gels. These results suggest that the nif mRNAs are functionally very stable with respect to other mRNAs seen under derepressing conditions, consistent with previously published work (16) (17) (18) (19, 29) . The Nif4 phenotype of these strains is unstable in a Rec+ background due to loss of the duplication by homologous recombination (19) . As in the above case, such strains lack the nifL gene product but are constitutive for the synthesis of the nifA product in the presence of ammonia since nifA expression now is due to an ntr-independent promoter. UN4452 is an example of this class of Nif' revertant (19) .
When such Nif+ revertants (e.g., UN4452 and UN4357) were examined for their short-term response to 02 and NH4', they were found to continue to synthesize detectable nif proteins. These data are not presented since the more definitive RNA results are detailed below. This result argues that the rapid effect of NH4' and 02 on the appearance of nif proteins is nif specific and is mediated through the nifL product. These results suggest the possibility that the nif mRNAs are stable under derepressing conditions and are destabilized under repressing conditions through the action of the nifL gene product.
There are, however, a number of objections to this interpretation which cannot be answered by these functional analyses. (i) There was no direct evidence that nif mRNA synthesis had indeed been blocked by rifampin. The argument could be made that the transcription initiation at the nif promoters is insensitive to rifampin under our conditions. The continued synthesis of nifproteins would thus not be the result of stable mRNAs. (ii) It remained an open question whether the proposed posttranscriptional effect was at the level of RNA stability or an effect on the translation process itself. (iii) While the rapidity of the nifL effect suggested that it must be posttranscriptional, the above analyses could not distinguish directly between transcriptional and posttranscriptional effects. In order to address these problems, experiments were performed to monitor RNA synthesis and stability directly. The former results have been reported elsewhere (7) , and the latter results are described below.
Chemical analysis. Restriction fragments cloned for use as hybridization probes are shown in Fig. 2 was measured by hybridization with specific probes. Stability of mRNA from the glnALG and his operons was also examined in all conditions to distinguish between specific and general effects on nifmRNA stability. In agreement with data on functional stability, hybridization analysis showed that the nif messages (except nifLA) are very stable in derepressing conditions ( Fig. 3 and Table 1 ). Destabilization of nifmRNA. The stable nif messages were dramatically destabilized upon exposure to 02. The nifLA, glnALG, and his mRNAs were not unusually stable in derepressing conditions, and exposure to 02 did not significantly alter their stability.
When a derepressed culture was shifted from 30 to 41°C, all mRNAs examined were less stable. The nif messages (except nifLA) were destabilized to a greater extent, however. All messages examined were less stable following the addition of NH4'. This seems to be the consequence of a general metabolic effect of NH4+ on mRNA turnover. These results are shown in Fig. 3 (Fig. 1) . Furthermore, transcriptional control alone cannot explain the observation that nitrogenase synthesis was turned off more rapidly by NH4' than rifampin (8) . Our results reveal a mechanism that accounts for the timing of these regulatory effects, posttranscriptional control of nif message stability. Cultures depicted in panels A, D, and G were exposed to NH4', those in panels B, E, and H were exposed to 02, and those in panels C, F, and I were exposed to 41°C.
Other investigations of nif mRNA stability have been reported (16) (17) (18) . In agreement with our results, they all show that nif mRNAs are stable in derepressing conditions. Two papers (17, 18) showed that conditons that prevent nif expression result in a reduction in functional (17, 18) and chemical (18) half-lives of certain nif transcripts. These results agree qualitatively with our data. Quantitative differences in the absolute values reported may reflect differences in derepression conditions. The major point left unresolved by the previous reports is whether or not these effects on nif mRNA stability represent an important component of nif regulation. We addressed this point by examining the nif specificity of these effects, reasoning that if they were nif specific, this would strongly argue that posttranscriptional control of nifmRNA stability was an important feature of nif regulation.
We compared functional and chemical stability of nif mRNAs in derepressed conditions with their stability in various conditions that prevent nifexpression. We measured chemical stability using specific probes for four nif transcripts. These For rapid turn off of nif gene expression, translation of these stable nif messages must be halted upon exposure to nif-repressing conditions. We show that exposure of derepressed cells to 02 or elevated temperature causes rapid, specific degradation of nif mRNAs (except nifLA). The half-lives of these same nif messages are reduced to a lesser extent upon exposure to NH4'. The stability of nif mRNAs might be an inherent property of these molecules resulting from certain features of their primary sequence or secondary structure. According to this model, the nifL product in some way destabilizes these mRNAs under appropriate nifrepressing conditions. Alternatively, nif messages might be inherently unstable, similar to bulk mRNA. The observed stability of the nif transcripts might result from interactions with specific protein products.
Certain results suggest that the nifA product might be involved in nif mRNA stabilization. It is the temperature sensitivity of nifA product activity which seems to cause cessation of nif mRNA synthesis at 41°C, since the nifL product is not required for this effect (5) (6) (7) 35) . Destabilization of the nif transcripts (except nifLA) at 41°C also occurs independently of the nifL product. This suggests that the stability of these transcripts might depend on an activity of the nifA protein. Their destabilization at 41°C could then be explained by the same mechanism which stops their synthesis at 41°C, loss of nifA product activity. Furthermore, in this model, cessation of synthesis and destabilization of existing niftranscripts following exposure to 02 or NH4' both result from inactivation of the nifA product by the nifL product.
Regulation of nif gene expression. We propose a model for the control of nif gene expression which incorporates the new features discussed above. Derepression of nitrogenase synthesis occurs in anaerobic conditions below 37°C, when nitrogen is growth limiting. Following derepression, nifLA is transcribed and translated. The nifA product activates transcription of the remaining nif operons and may stabilize these messages.
When nitrogen-fixing cells are exposed to 02, nitrogenase is inactivated (30) . Through the interaction of the nifL product with the nifA product, nifmRNA synthesis is halted, and existing nif transcripts are destabilized (with the exception of nifLA). Rapid degradation of nif mRNA results in rapid cessation of nif protein synthesis. However, transcription and translation of nifLA continues in aerobic conditions. This operon is regulated by ntr factors, which regulate many operons in the cell concerned with nitrogen assimilation (22) . Gene products of most of these operons are active in aerobic conditions, and their expression is not affected by 02
Upon addition of NH4', ntr factors repress nifLA transcription. Simultaneously, the nifL product turns off nifA protein-dependent transcription of the other nif operons and causes nif mRNA degradation to increase, halting new nif protein synthesis. However, nitrogen-fixing cells exposed to NH4+ continue to fix nitrogen and continue to synthesize nif proteins from preexisting nif mRNA for some time in com- parison to the effect of exposure to 02. Perhaps rapid turn off of nif gene expression is not as critical in this case since nitrogen limitation is relieved by NH4+. If NH4' is rapidly lost from the environment, nitrogenase present prior to exposure to NH4' and nitrogenase synthesized from preexisting nif mRNA can provide fixed nitrogen for continued growth.
Shift to growth temperatures above 37°C does not affect nifLA transcription or translation. However, loss of nifA product activity at elevated temperatures prevents new synthesis of the other nif transcripts and results in the destabilization of existing nif messages.
Upon derepression of nitrogenase, large portions of the biosynthetic, electron transport, and ATP reserves of the cell are diverted to nitrogen fixation. This probably favored the evolution of mechanisms that would enable the cell to turn off nif rapidly. The rapid turn off observed could not be accomplished solely by regulation of nifA expression by the ntr regulatory system. Even nifL product-mediated turn off of synthesis of the other nif transcripts would allow nif protein synthesis to continue for at least an hour as a result of the stable nif transcripts which might be important for nitrogen fixation. The apparent conflict between the selective advantage of stable nif messages and the advantage of rapidly turning off nif gene expression was resolved in K. pneumoniae by the development of a mechanism for posttranscriptional control of nif message stability. In the model for control of nif gene expression presented above, the nijL product mediates regulation of nif mRNA synthesis and stability in response to 02 and NH4'. It should be noted that the means by which the nifL product recognizes and responds to 02 and NH4' is not known.
